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Abstract 
The effect of retinoic acid (RA), 1,25-dihydroxyvitamin D 3 (1,25-D 3) or human recombinant interferon-7 (IFN-7) on the induction of 
NADPH oxidase was studied m premonocytic U937 cells. Differentiation with the combination of either RA (1 /zM) or 1,25-D 3(10 nM) 
with IFN-7 (100 IU/ml) induced NADPH oxidase activity as demonstrated by increased superoxide anion (O~-) generation i  response 
to stimulation with phorbol myristate acetate (PMA, 100 nM). Induction of NADPH oxidase activity was preceded by increases in mRNA 
levels of p47-phox, p67-phox and gp91-phox, which encode three subunits of the enzyme, and immunoblot analysis of the p47-phox and 
p67-phox proteins revealed that the increases in mRNA levels were equally reflected by increases in protein levels. In contrast, RA, 
1,25-D 3 or IFN-T alone did not induce NADPH oxidase activity which correlated with their failure to increase p67-phox and gp91-phox 
mRNA levels. The mRNA of pZl racl, a GTP-binding protein that regulates NADPH oxidase activity in macrophages, was constitutively 
expressed in undifferentiated cells and was not affected by differentiation. These data indicate that induction of a functional NADPH 
oxidase in premonocytic U937 cells requires the cooperative actions of IFN-3, plus RA or 1,25-D 3 and is reflected in the increased 
expression of p67-phox and gp91-phox. 
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1. Introduction 
Generation of superoxide anion by activated neutrophils 
and monocytes is one of the primary responses in acute 
inflammatory reactions [1,2]. The NADPH oxidase, which 
catalyzes the reduction of molecular oxygen to 0 2, is a 
multicomponent enzyme complex consisting of at least 5 
different subunits [3]. The highly glycosylated 91 kDa 
protein gp91-phox together with a 22 kDa protein, p22- 
phox, forms the membrane-bound cytochrome b558 com- 
plex, which comprises the complete lectron transporting 
apparatus [4]. The three subunits p47-phox, p67-phox and 
the small GTP-binding protein p21 racl serve as activators 
of the NADPH oxidase and are localized in the cytosol of 
unstimulated cells. Upon activation by a variety of stimuli, 
the cytosolic proteins translocate to the plasma membrane 
where they tightly associate with the cytochrome b558 and 
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the cytoskeleton to form the active NADPH oxidase com- 
plex [5,6]. It is assumed that p47-phox and p67-phox 
facilitate the transfer of electrons from NADPH to O 2 by 
inducing conformational changes of the cytochrome b558, 
whereas p21 racl which binds to p67-phox [7] is supposed 
to regulate the duration of the active state of the oxidase 
[8]. 
A functional NADPH oxidase is characteristically ex- 
pressed in mature monocytes and granulocytes, while pre- 
mature myeloid precursor cells, such as the HL-60 or 
U937 cell lines lack the capacity to generate O~-. Using 
HL-60 cells, it has been suggested that induction of 
NADPH oxidase during granulocytic differentiation may 
be regulated on the level of mRNA expression of its 
subunits [9]. In contrast to granulocytic differentiation, the 
molecular mechanisms involved in the induction of 
NADPH oxidase during monocytic differentiation are less 
clear. Recent observations indicate that synergistic actions 
of IFN-T with other differentiation factors may be essen- 
tial to induce NADPH oxidase activity during monocytic 
maturation [10]. To further identify molecular processes 
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underlying induction of NADPH oxidase during monocytic 
maturation, we studied differentiating premonocytic U937 
cells treated with 1,25-dihydroxyvitamin D 3 (1,25-D3), 
retinoic acid (RA), interferon-',/ (IFN-y) or combinations 
of IFN-y with 1,25-D 3 or RA. We report hat induction of 
a functional NADPH oxidase in U937 cells requires the 
combined actions of either retinoic acid or 1,25-D 3 plus 
IFN-y and is refected by the increased mRNA expression 
and similar changes in protein levels of two subunits of the 
enzyme. It is suggested that induction of NADPH oxidase 
during monocytic differentiation is mainly regulated at the 
level of mRNA expression. 
2. Materials and methods 
2.1. Materials 
1,25-D 3 was a kind gift from Dr. Fischer, Hoffmann-La 
Roche, Basel, Switzerland. The cDNAs for gp91-phox [11] 
and p47-phox [12] were from ATCC, (Rockville, MD, 
USA), p67-phox cDNA [13] was a kind gift of Dr. A. Abo 
(University College London, United Kingdom) and the 
cDNA for p21racl [14] was kindly provided by Dr. A. 
Hall (Chester Beatty Cancer Research Institute, London, 
United Kingdom). Human recombinant interferon-y and 
[ce32p]CTP were from Amersham (Braunschweig, Ger- 
many). All tissue culture reagents and other chemicals 
were from Sigma (Munich, Germany). 
2.2. Cell culture 
U937 cells were cultured in RPMI 1640 medium sup- 
plemented with 10% fetal calf serum and 2 mM L-gluta- 
mine at 37°C in a humidified incubator aerated with 5% 
CO 2. For all experiments, cells were seeded at a density of 
0.2. 106 cells per ml in the presence of either 1 /zM 
retinoic acid (RA), 10 nM 1,25-D 3, 100 IU/ml  IFN-y or 
their combinations and cultured for the times indicated. 
2.3. Generation of superoxide anion 
Superoxide anion generation was determined by the 
superoxide dismutase-inhibitable r duction of ferricy- 
tochrome c as described previously [15]. In brief, cells 
were washed twice in buffer A (Hepes 20 mM, NaC1 145 
mM, KCI 5 mM, MgC12 0.5 mM, Na2HPO 4 1 mM, 
glucose 5 mM (pH 7.4)). 2.5 • l0  6 cells were incubated in 
1 ml buffer A containing 80 nmol ferricytochrome c (type 
VI from horse heart) with or without superoxide dismutase 
from bovine red blood cells (300 IU/ml). After stimula- 
tion with PMA (100 nM) for 20 min at 37°C, cells were 
removed by centrifugation and the absorbance of the su- 
pernatant was measured at 550 nm with a Uvikon 930 
spectrophotometer (Kontron Instruments, Munich). Super- 
oxide anion production was calculated from the differences 
in the absorbances between samples with and without 
superoxide dismutase, using an extinction coefficient of 
21.1 mM- 1 cm-~ for reduced ferricytochrome c. Results 
are expressed as nmol of 0 2 released by I • i0  6 cells in 
20 min. 
2.4. Expression of monocvtic ell surface antigens 
Expression of cell surface antigens was measured by 
flow cytometry. After 72 h of differentiation, cells were 
washed twice with phosphate buffered saline (PBS) and 
resuspended at a density of 1 • 10  7 ceils/ml in PBS. For 
each determination 1 • 10  6 cells were incubated for 60 min 
at room temperature with fluorescein isothiocyanate 
(FITC)-conjugated monoclonal antibodies directed against 
CDI lb  or CDI4 clusters (Coulter Electronics, Krefeld, 
Germany) following the manufacturer's instructions. 
FITC-conjugated lgM isotype antibody was used to control 
for unspecific binding. After two washes with PBS 1 • 105 
cells were analyzed by flow cytometry (Becton Dickinson, 
Heidelberg, Germany). Data are expressed as the percent- 
age of cells staining positive for CDI lb and CDI4, respec- 
tively. 
2.5. Northern blot analysis of genes encoding for subunits 
of NADPH oxidase 
Whole cellular RNA was prepared as described previ- 
ously [16]. In brief, cells were washed twice with phos- 
phate buffered saline (PBS) and lysed in 4 M guanidinium 
isothiocyanate. RNA was pelleted by density gradient cen- 
trifugation through a 5.7 M CsCI cushion. After ethanol 
precipitation, the amount of RNA was determined by UV 
absorption at 260 nm. 
Northern blots were performed as described by Danesch 
et al. [17] with minor modifications. In brief, 10 /zg of 
total RNA in 15 /zl of 50% formamide, 2.2 M formal- 
dehyde, and 1 × Mops was denatured for 10 min at 60°C 
and then separated on a 1.2% agarose, 2.2 M formaldehyde 
gel with 1 × Mops (20 mM Mops, 5 mM sodium acetate, I 
mM EDTA) as buffer. The gel was blotted onto a Nytran 
filter (Schleicher & Schuell, Germany) in the presence of 
10 × SSC (1.5 M NaCI, 0.15 M sodium citrate) and RNA 
was cross-linked to the membrane by exposure to short 
wave UV light by a Stratagene UV-Stratalinker model 
1800. 
The blots were hybridized to radioactive RNA tran- 
scribed from cDNA vectors by the riboprobe technique. 
The cDNAs for gp91-phox and p47-phox were inserts of 
pBluescript KS and pBluescript SK + plasmids (Promega) 
respectively; p67-phox, p21 racl and GAPDH cDNAs were 
subcloned in the SP65 vector (Promega). Riboprobes were 
made as follows: 100 /zCi of [a-32p]CTP, I /xg of 
linearized template, 0.5 mM NTPs (A, G, U), 30 units of 
RNasin, and 10 units of the appropriate RNA polymerase 
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were incubated for 60 min at 37°C in 25 /xl of 40 mM 
Tris-HCl (pH 7.5), 10 mM dithiothreitol, 6 mM MgCI 2 
and 2 mM spermidine. Remaining cDNA was subse- 
quently digested by incubation with DNase 1 (10 U) for 15 
min at 37°C. Radioactive probes were purified by push 
columns (Stratagene) and 2. 106 cpm were added per ml 
hybridization solution. Hybridization was performed in 
50% formamide, 5 X SSPE, 2 × Denhardt's olution (0.2 
mg/ml of Ficoll, polyvinylpyrrolidone, and bovine serum 
albumin), 0.1% SDS, and 0.1 mg/ml single-stranded 
salmon sperm DNA at 60°C. Filters were washed three 
times for 60 min. at 65°C in prewarmed 0.2 X SSPE and 
0.1% SDS and exposed to Kodak XOmat AR films. 
Hybridization with glycerinaldehyde-3-phosphate dehy- 
drogenase (GAPDH) was used to control for equal amounts 
of RNA per lane. 
2.6. Preparation of cell hornogenates 
ECL detection system (Amersham, Braunschweig, Ger- 
many) and exposed to Kodak XOmat AR films. 
3. Results 
3.1. Effect of differentiation on superoxide anion release 
Superoxide anion generation i  response to stimulation 
with PMA was observed only in cells differentiated with 
RA plus IFN-y or 1,25-D 3 plus IFN-T (Fig. 1), with the 
combination of 1,25-D 3 plus IFN-',/ being approx. 3-times 
more effective. Without stimulation, O= generation was 
not detectable. In cells treated with 1,25-D 3 plus IFN-T, 
induction of NADPH oxidase activity was time-dependent 
(Fig. 2). O= generation was minimal in undifferentiated 
cells and at 24 h of differentiation, but increased more than 
8-fold at 72 h. 
Cells were suspended at a concentration of 2. 107/ml 
in buffer B (10 mM Hepes, 1 mM EDTA, 0.25 M sucrose 
(pH 7.2)) plus phenylmethylsulfonyl fluoride (PMSF, I 
mM) and leupeptin (10 /~g/ml). The cells were then 
disrupted on ice by 3 × 5 s bursts (50 W) with a Labsonic 
cell disrupter model 2000 U (B. Braun Diessel Biotech, 
Melsungen, Germany) and the homogenate was spun at 
3000 × g to pellet unbroken cells and nuclei. The remain- 
ing supernatant was separated as cell homogenate. 
2.7. Western blot analysis of p47 and p67 protein leeels 
Rabbit polyclonal antibodies were raised against the 
peptides SESTKRKLASAV and FTDLESTRREV which 
are identical to the COOH-terminal sequences of p47-phox 
[18] and p67-phox [13], respectively. Peptides containing 
an additional amino-termimal cysteine were synthesized 
(Laboratorium fiir Molekulare Biologie-Genzentrum, Mar- 
tinsried, Germany) and coupled to maleimide-activated 
keyhole limpet hemocyanin (Pierce, Rockford, IL, USA) 
according to the manufacturer's instructions. Immunogens 
were injected into rabbits and the antibodies generated 
were affinity-purified on columns containing the respective 
peptides coupled to Sulfolink gel (Pierce, Rockford, IL, 
USA). 
Homogenates of 2.5 - 10 s cells per lane were subjected 
to SDS-PAGE on 10% polyacrylamide g ls (Mini Protean 
II, Bio-Rad) and blotted electrophoretically onto Immo- 
bilon PVDF membranes (Millipore) for 1 h at 80 V in 
Tris/glycine (20 mM/192 mM). Membranes were blocked 
for 1 h in TBST (20 mM Tris-HCl, 0.3% Tween, 10% fetal 
calf serum (pH 7.4)) and then incubated for 1 h with the 
respective primary antibody at a dilution of 1:200 to 
1:1000. After three washes with TBST, membranes were 
incubated for 45 min with peroxidase-labeled donkey anti- 
rabbit IgG (1:5000, Amer,;ham, Braunschweig, Germany), 
washed three times with TBST, and developed using the 
3.2. Effect of differentiation on expression of surface anti- 
gens 
To confirm that cells were differentiated following 
treatment with RA, 1,25-D 3, IFN-y or their combinations, 
we determined the expression of two monocytic surface 
antigens CD1 lb and CDI4. As shown in Fig. 3, untreated 
cells stained negative for both antigens. Incubation with 
RA or 1,25-D 3 for 72 h significantly induced expression of 
CDIIb (47.3 _ 3.5% and 48.1 ___ 2.1%, respectively), 
whereas IFN-7 slightly increased the percentage of CDI lb 
positive cells (3.8% _ 0.6%). In contrast, CDI4 expression 
was marginally induced by 1,25-D 3, but not by RA or 
IFN-T. Treatment with 1,25-D 3 plus IFN-y potentiated 
expression of CD1 lb and CDI4 (77.8 _ 3,5% for CDI lb 
and 27.0 + 1.6% for CDI4), while RA plus IFN-y only 
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Fig. 1. Effect of differentiation on the generation of superoxide anion in 
U937 cells. After treatment for 72 h with ethanol (CTRL). RA (I p~M), 
1,25-D3 (10 nM), IFN-y (100 U/ml) or the combinations indicated, ceils 
were stimulated with PMA (100 nM) and O~- release was determined. 
Results are the mean + S.D. of at least hree separate experiments. 
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Fig. 2. Time course of induction ofNADPH oxidase activity by treatment 
with 1,25-D 3plus IFN-7. Cells were differentiated with 1,25-D 3(10 nM) 
plus IFN-y (100 U/ml) for the times indicated and 0 2 generation was 
measured after stimulation with PMA (100 nM). Results are the mean 
___ S.D. of three separate experiments. 
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3.3. Effect of differentiation on p47-phox, p67-phox, 
gp91-phox and p21racl mRNA levels 
p47-phox 
To determine molecular mechanisms, underlying the 
cooperative ffects of IFN-T with either retinoic acid or 
1,25-D 3 on O~ generation, mRNA levels of NADPH 
oxidase subunits p47-phox, p67-phox, gp91-phox and 
p21 racl were analysed. Treatment with RA plus IFN-y or 
1,25-D 3 plus IFN-y strongly induced mRNA accumula- 
tion of p47-phox, p67-phox and gp91-phox (Fig. 4). In 
contrast, treatment with each compound alone only mini- 
mally increased expression of p67-phox and did not in- 
crease gp91-phox (Fig. 4). In untreated cells p47-phox, 
p67-phox or gp91-phox mRNAs were not detectable. In 
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Fig. 3. Effect of differentiation the expression of the monocytic 
surface antigens CDI lb and CDI4. U937 cells were treated for 72 h with 
ethanol (CTRL), RA (1 /zM), 1,25-D 3(10 nM), IFN-y (100 U/ml) or 
the combinations i dicated and expression f surface antigens was deter- 
mined by flow cytometry. Data present the percentage of cell staining 
positive for the respective antigen (mean +S.D. from three separate 
experiments). 
Fig. 4. Effect of differentiation  mRNA levels of p47-phox, p67-phox, 
gp91-phox and p21racl in U937 cells. Cells were treated for 24 h with 
ethanol (CTRL), RA (1 /xM), 1.25-D 3(10 nM), IFN-y (100 IU/ml) or 
the combinations i dicated and mRNA levels were determined byNorth- 
ern blot analysis (10 #g total RNA per lane). GAPDH was used to 
control for equal amounts ofRNA. Data of one representative experiment 
out of three independent xperiments are presented. 
contrast, p21racl was expressed in untreated cells and 
mRNA levels were not influenced by differentiation. 
In all cases, mRNA levels peaked at 24 h of differentia- 
tion and decreased thereafter as shown in Fig. 5 for 
treatment with 1,25-D 3 plus IFN-7. 
3.4. Effect of differentiation on protein synthesis of p47- 
phox and p67-phox 
The above data suggested that induction of NADPH 
oxidase may be mainly regulated on the level of de novo 
mRNA expression of its subunits. In order to further verify 
this notion, levels of the p47-phox and p67-phox proteins 
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Fig. 7. Time courses of changes in p47-phox and p67-phox protein levels 
in U937 cells treated with 1,25-D 3 plus IFN-T (homogenates of 2.5- 105 
cells per lane). Data of one representative experiment out of three 
independent experiments are presented. 
GAPDH 
Fig. 5. Time-courses of increases in p47-phox, p67-phox and gp91-phox 
mRNA levels. Cells were treated with 1,25-D 3 plus IFN-y for the times 
indicated and total cellular RNA was analysed by Northern blotting. 
Hybridization to GAPDH served to control for equal amounts of RNA. 
Data of one representative experiment out of three independent experi- 
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Fig. 6. Immunoblot analysis of cytosolic NADPH oxidase subunits 
p47-phox and p67-phox. U937 cells were treated for 72 h with ethanol 
(CTRL), RA (1 /xM), 1,25-D 3 (10 nM), IFN-,/ (100 IU/ml) or the 
combinations indicated and the amount of p47-phox and p67-phox pro- 
tein was determined by Western blot analysis (homogenates of 2.5.105 
cells per lane). Data of one representative experiment out of three 
independent experiments are presented. 
were analysed by immunoblotting. Treatment with IFN- y 
plus RA or IFN-7 plus 1,25-D 3 for 72 h strongly in- 
creased levels of both proteins. In contrast, p67-phox 
protein was not detectable after treatment with each com- 
pound alone and p47-phox protein content increased only 
marginally. One exception is the marked increase of p47- 
phox in response to RA (Fig. 6), which is also seen at the 
mRNA level (Fig. 4). In all cases, the changes in protein 
content very closely reflected the changes in mRNA levels. 
Kinetic studies on p47-phox and p67-phox protein con- 
tent in cells differentiated with 1,25-D 3 plus IFN-~/showed 
a continuous increase in the amount of both proteins over 
72 h (Fig. 7). 
4. Discussion 
Induction of a functional NADPH oxidase as deter- 
mined by generation of 02 has been observed in various 
differentiating myeloid leukemia cell lines [19,20]. In par- 
allel to observations that NADPH oxidase is induced dur- 
ing granulocytic differentiation of HL-60 cells by de novo 
transcription and translation of the genes coding for the 
subunits of the enzyme [9,19], monocytic differentiation of
U937 cells increased mRNA expression of gp91-phox, the 
large subunit of cytochrome bss 8 [10] and cellular amount 
of cytochrome b558 protein [21]. In contrast o upregula- 
tion of gp91-phox mRNA, mRNA of the small subunit, 
p22-phox, has been found to be constitutively expressed in
U937 cells [22], indicating that de novo expression of 
gp91-phox may be essential to induce NADPH oxidase. 
Since a functional oxidase also requires presence of the 
cytosolic subunits p47-phox and p67-phox, which are in- 
duced in granulocytic differentiation, we assessed p47-phox 
and p67-phox mRNA and protein expression and the ca- 
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pacity to generate 0 2 during monocytic differentiation of
U937 cells. 
Superoxide anion generation i  response to stimulation 
with PMA was only observed after differentiation of U937 
cells with either RA plus IFN-T or 1,25-D 3 plus IFN-T. 
Each compound alone had only marginal effects, indicat- 
ing cooperative actions of IFN-T and RA or 1,25-D 3 on 
induction of NADPH oxidase. In parallel to NADPH oxi- 
dase activity, expression of the monocytic surface antigens 
CDI l b and CD1 l b plus CDI4 increased more than addi- 
tively in cells differentiated with RA plus IFN-T or 1,25-D 3 
plus IFN-T, respectively, confirming recent reports [23,24] 
on the synergistic effect of IFN-y and RA or 1,25-D 3 on 
monocytic differentiation of U937 cells. 
To characterize the molecular mechanisms underlying 
the cooperative actions of IFN-T plus either RA or 1,25-D 3 
on the induction of NADPH oxidase, expression of the 
genes coding for the p47-phox, p67-phox and gp91-phox 
subunits of the multimeric NADPH oxidase was analysed. 
Parallel to O~- generation, only RA plus IFN-T and 1,25- 
D 3 plus IFN-T strongly increased accumulation of all 
three mRNAs which was closely reflected by increases of 
the protein levels of p47-phox and p67-phox. Treatment 
with each compound alone had negligible ffects on p67- 
phox mRNA and protein expression and gp9 l-phox mRNA 
levels, indicating that expression of these two subunits is 
primarily responsive to the cooperative activity of IFN-y 
plus RA or 1,25-D 3. Since assembly of the active NADPH 
oxidase requires the association of all subunits in a 1:1 
molar ratio [25], the marginal expression of p67-phox and 
gp91-phox may account for the low amount of O i gener- 
ated in cells treated with RA, 1,25-D 3 or IFN-T. 
Although we can not exclude from our data that expres- 
sion of the p22-phox or p21racl subunits is missing in 
cells treated with RA, 1,25-D 3 or IFN-T alone, this seems 
rather unlikely, since recent observations in U937 cells 
demonstrate that p22-phox mRNA is constitutively ex- 
pressed without changes during monocytic differentiation 
[10,22] and that p22-phox protein is detectable in undiffer- 
entiated U937 cells and only slightly increases during 
differentiation [26]. Furthermore, we found that mRNA 
levels of the regulatory small GTP-binding protein 
p21 racl, which has been identified as a third cytoplasmic 
cofactor to activate NADPH oxidase in macrophages [3,27], 
were identical in all conditions and timepoints tudied. 
Given the close correlation between increases in p47- 
phox and p67-phox mRNA and protein levels, it is indi- 
cated that increased expression of p47-phox and p67-phox 
proteins may be primarily regulated by increases in the 
respective mRNA levels. Furthermore, after initiation of 
protein synthesis after 24 h of incubation, there was a 
steady decrease in p47-phox and p67-phox mRNA levels 
which could be delayed by inhibition of protein synthesis 
by cycloheximide (data not shown), indicating that mRNA 
is rapidly degraded after translation into proteins. In con- 
firmation, it has been found in neutrophils that inhibition 
of protein synthesis increases the half-life of p47-phox 
mRNA [28], without affecting induction of p47-phox 
mRNA accumulation by RA [18]. 
Our data show a cooperative effect of IFN-y plus either 
RA or 1,25-D 3 on the induction of NADPH oxidase on the 
mRNA level. However, the molecular mechanisms under- 
lying this effect remain to be determined. In general, 
1FN-T and RA or 1,25-D 3 induce gene expression by the 
binding to their specific transcription factors, e.g., IFN-de- 
pendent stat proteins [29] and the receptors of the super- 
family of steroid hormone receptors RAR [30] and VDR 
[31], to the respective response lements in target genes. 
Possibly, the combined binding of these different transcrip- 
tion factors to the promoter egions of the p67-phox and 
gp91-phox genes potentiates their transcription. In fact, 
combined stimulatory effects of different ranscription fac- 
tors on gene expression have been observed such as for 
transcription of the virus-inducible IFN-~ gene by IRF, 
NF-KB and ATF-2-c-Jun [32]. Hypothetically, the cooper- 
ative effects of IFN-T plus RA or 1,25-D 3 might be also 
explained by formation of heterodimers between the stat 
proteins and steroid hormone receptors. 
Furthermore, in addition to the induction of NADPH 
oxidase expression during differentiation, increased 0 2 
generation i  response to stimulation with PMA may also 
be a consequence of enhanced expression of protein kinase 
C in differentiated U937 cells. Accordingly, it has been 
found that monocytic differentiation of U937 cells induces 
protein kinase C expression [33] and affects it subcellular 
localization [34]. 
In conclusion, our data indicate that IFN-T and the 
steroid-like vitamin 1,25-D 3 and the vitamin A derivative 
RA act in a cooperative way to induce expression of 
NADPH oxidase in differentiating U937 cells. Since induc- 
tion of NADPH oxidase is mainly regulated at the mRNA 
level, U937 cells may constitute a good model to further 
delineate the molecular mechanisms involved in the differ- 
entiation-dependent xpression of NADPH oxidase. 
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